Background: A substantial proportion of the costs of diabetes treatment arises from treating long-term complications, particularly cardiovascular and renal disease. However, little is known about the progressive cost of these complications. Firmer knowledge would improve diabetes modeling and might increase the financial and organizational support for the prevention of diabetic complications.
I
T IS OFTEN assumed that improved care of diabetes mellitus will reduce medical expenditures by preventing costly complications. Descriptive population-based studies indicate that a substantial proportion of diabetes treatment costs are attributable to complications, particularly cardiovascular and renal disease, [1] [2] [3] which have been linked with insulin resistance. [4] [5] [6] However, to our knowledge, no publication directly estimates the costs caused by the onset and progression of complications of diabetes.
In this study, we estimated the additional costs of treatment of cardiovascular and renal disease by stage of progression for members of a large group-model health maintenance organization (HMO) with type 2 diabetes mellitus. We reviewed 9 years of clinical data to ascertain the stages of complications, and used cross-sectional multivariate statistical models to estimate increments in treatment costs in a single year by stage of complication.
RESULTS
We identified 11 768 registrants with type 2 diabetes mellitus who had 12 months of health plan eligibility in 1995. As shown in Table 1 , 51% of the total registrants were men and 32% were aged 70 years or older.
The average annual total cost of care, in 1993 dollars, for a male HMO member of average age (64 years) with no cardiovascular or renal complications was $2033. Costs increased by $1087 with the initiation of cardiovascular drug therapy and/or use of a cardiologist (cardiovascular stage 1). After the occurrence of a major cardiovascular event (cardiovascular stage 2), the additional costs of cardiovascular disease treatment increased dramatically, to $9385 per person per year.
ORIGINAL INVESTIGATION
For renal disease treatment, costs increased $1337 with the onset of stage 1. Progression to advanced renal disease short of end stage increased the incremental costs of renal disease treatment by an additional $2642, to a cumulative $3979. Progression to the final stage of renal disease-chronic hemodialysis or a his-tory of renal transplantation-raised treatment costs dramatically, to $15 675 over the costs of uncomplicated diabetes. Table 2 details the prevalence of cardiovascular and renal complications by age and sex. Overall, we detected advanced or end-stage renal disease (stages 2 and 3) in 11% of subjects. Significant cardiovascular disease was much more prevalent-29% had stage 2 disease. Additionally, the data in Table 2 reveal a trend toward more advanced disease with advancing age in both men and women. For example, advanced or endstage renal disease was rare among 30-to 49-year-old women but affected 17% of women older than 70 years. Advanced cardiovascular disease was present in only 6% of the 30-to 49-year-old women but in 46% of the women older than 70 years. We found no significant differences between men and women in the prevalence or staging of complications. 
PARTICIPANTS AND METHODS

RESEARCH SETTING AND STUDY POPULATION
Participants were members of Kaiser Permanente Northwest Division (KPNW), a large, not-for-profit, groupmodel HMO that provides comprehensive, prepaid coverage to about 20% of the Portland, Ore, population. Subscribers are representative of the area population as a whole. 7 Information on patient admissions, pharmacy dispensations, outpatient visits, laboratory tests, and outside claims and referrals is kept at KPNW in databases that are linked through unique health record numbers given to each member at the time of his or her first enrollment in the health plan. The KPNW diabetes registry contains a continuous census of more than 25 000 members with diabetes diagnosed since January 1, 1987. Internal validation studies have shown the registry to be over 99% sensitive and 99% specific for diagnosed diabetes. Subjects included in the present analysis were limited to the 11 768 registrants with probable type 2 diabetes mellitus and a full year of health plan eligibility in 1995. Those who became members after 1995 were excluded, as were those who died or left the plan prior to that year. Members were presumed to have type 2 diabetes mellitus if they entered the registry after age 45 years or entered earlier and had no insulin dispensed within 2 years of entry. The average length of time in the registry for study subjects was 5.3 years (median, 5 years).
IDENTIFICATION OF COMPLICATIONS
We screened 9 years of clinical data for the years 1987 through 1995 to ascertain the presence of cardiovascular and renal complications and to stage their progression. We assigned subjects with complications to the highest stage for which their histories qualified them. We defined the 3 cardiovascular and renal complication stages as follows: stage 0, no evidence of cardiovascular disease or treatment; stage 1, pre-event treatment, ie, taking cardiovascular drugs or having a history of at least 2 specialty visits to a cardiologist; and stage 2, postevent disease, history of 1 or more major cardiac, cerebrovascular, or peripheral vascular events such as myocardial infarction, stroke, revascularization procedure, or hospitalization for congestive heart disease. (Please refer to the Appendix for a description of the specific codes used in the staging algorithm.)
The cardiovascular drugs that qualified subjects for stage 1 cardiovascular disease included drugs for riskfactor control such as antihyperlipidemics and antihypertensives, as well as drugs to treat symptomatic cardiovascular disease such as digoxin and antianginal medications. Most of the stage 1 drugs are used for both treatment and risk-factor control. Although angiotensin-converting enzyme (ACE) inhibitors are also used to prevent the progression of diabetic renal disease, these drugs are included among the stage 1 cardiovascular drugs because of their frequent use to control hypertension.
We defined 4 stages of renal disease: stage 0, no evidence of disease-normal laboratory test results or no laboratory tests; stage 1, abnormal test results-at least 1 microalbuminuria test value higher than 45 mg/dL or at least 1 quantitated 24-hour test value for urinary protein higher than 165 mg/24 h; stage 2, advanced nephropathy-serum creatinine level higher than 141 µmol/L (1.6 mg/dL), creatinine clearance under 0.83 mL/s (50 mL/min) on at least 2 separate occasions, or an inpatient diagnosis indicating advanced renal disease; and stage 3, end-stage renal diseaserenal transplantation or long-term hemodialysis.
ASCERTAINMENT OF COSTS OF CARE WITHIN KPNW
We based our costing method on procedures developed and validated by the Kaiser Permanente Center for Health Research. 8 This method creates standard costs for units of medical care (defined in the outpatient setting as office visits and in the inpatient setting as direct hospital service components). Costs are identified from aggregate departmental expenditures rather than from procedure-specific charges or prices. Administrative costs and other indirect and joint costs are allocated to units of direct service using a variety of algorithms developed either by the organization (in the case of outpatient visits and ancillary costs) or by the Center for Health Research (in the case of KPNW-produced Unadjusted total treatment expenditures per person categorized by age, sex, and complication level are given in Table 3 . Subjects without renal disease had higher average treatment costs than those without cardiovascular disease, presumably because the former group included a substantial complement of subjects with cardiovascular disease. Overall, treatment expenditures across cardiovascular disease stages were inconsistently associated with age and were similar by stage in men and women. Unadjusted costs of endstage renal disease, however, decreased with age and were dramatically higher for women in all age groups. Table 4 gives the results of regressing the total treatment cost per person categorized by age, sex, cardiovascular complication stage, and renal complication stage. In this model, the coefficient on a complication stage represents the estimated total cost involved in treating that stage, compared to the cost without any stage of the com-plication (stage 0). Table 4 also displays the marginal treatment cost per stage, which is the treatment cost incurred by progression to the current stage from the next lower stage.
Age was a nonsignificant predictor of the cost of complications in the multivariate model. However, expenditures for women exceeded expenditures for men by an average of $1105, controlling for age and stage of complication. The OLS model was highly statistically significant and explained 10.3% of the total variance in costs.
In Table 5 , we report the results of a regression model that adds interaction terms between all 3 stages of cardiovascular disease and all 4 stages of renal disease. Our intentions here were to improve model fit by acknowledging the possibly causal associations between renal and cardiovascular disease in diabetes, and to obtain adjusted estimates of the incremental costs of renal disease stages, given alternative stages of cardiovas-inpatient services). We multiplied standard unit costs by volume of use to obtain total costs over an interval of time. The expenditures of KPNW include essentially all of the costs of acute inpatient care received by its members and nearly 100% of outpatient costs (fewer than 10% of members use an out-of-plan service in any given year). We adjusted all costs to reflect 1993 prices.
OUTPATIENT COSTS WITHIN KPNW
We included visit-associated imaging and testing in the costs of outpatient visits. Standard unit visit costs were calculated separately by type of clinician (physician vs physician assistant and/or nurse practitioner) and by specialty, based on a special study of outpatient costs conducted in 1993. We obtained the total visit costs by multiplying the number of visits per department per clinician type by the appropriate unit cost.
INPATIENT COSTS WITHIN KPNW
We captured 4 inpatient use parameters to calculate inpatient costs: (1) number of days in a critical care unit, (2) number of days in routine care, (3) number of minutes in an operating room, and (4) number of minutes in a recovery room. All clinician inpatient costs and hospital indirect costs (including personnel, utilities, depreciation, and fixtures) were first allocated to the relevant cost center. Total annual expenditures per cost center were then divided by the total volume of output to estimate the average cost per unit of use. These time-based cost coefficients were then multiplied by the number of units of services consumed, totaled, and combined with inpatient imaging costs to obtain an estimate of the total inpatient cost of caring for an individual for a given admission or year.
COSTS INCURRED AT NON-KPNW FACILITIES
To ascertain the costs of care in non-KPNW facilities, we analyzed the claims paid for procedures, hospitalizations, and professional and related services. For inpatient and outpatient use provided both in non-KPNW facilities and by non-KPNW clinicians, we used as costs the amounts that KPNW actually paid to vendors. Inpatient and outpatient pharmaceutical costs approximated 1995 retail costs in the local market, deflated to 1993 dollars.
STATISTICAL METHODS
To identify the most valid analytic method, we tested 3 regression techniques: a 2-part model, a transformation model, and an ordinary least squares (OLS) model. The 2-part model employed logistic regression to determine the probability of use (cost Ͼ0), followed by an OLS, or gamma regression, of total annual cost for the year 1995 for subjects with costs greater than 0. The predicted expense was then multiplied by the probability of use to obtain predicted cost, adjusted for the probability of use. The transformation model involved normalizing the distribution of total annual cost by taking the natural log (cost plus an arbitrary constant value). The logarithmic transformation adequately normalized the dependent variable so that the regression assumptions were met, but the coefficients obtained from this model were not directly translatable into dollars. In addition, after retransformation, the model did not predict as well as untransformed OLS. We concluded, as did Hornbrook and Goodman, 8 that OLS was as good as, or better than, the other techniques in terms of both predictive accuracy and interpretability.
We therefore present 2 OLS models in this report. The first model regressed total annual cost per person on cardiovascular complication level, renal complication level, age, and sex. We included subject age and sex as independent variables to estimate the incremental costs of complications in addition to the costs attributable to sex-specific aging. We also estimated a second model that added a "renal ϫ cardiovascular" interaction term. This model accounts for the known epidemiological interaction between diabetic, renal, and cardiovascular disease 9,10 and tests whether the incremental costs of cardiovascular and renal disease are more or less than additive when both complications are present.
We used the SAS Statistical Analysis System version 6.12 (SAS Institute, Cary, NC) for all statistical analyses. All the statistical tests that we report are 2-sided. The term statistically significant implies a PϽ.05. cular disease. As expected, we observed statistically significant interactions between stages of cardiovascular disease and stages of renal disease. The model with interactions provided a slightly better fit, explaining 10.6% of the variation in costs. However, estimates for sex, age, and the cost of uncomplicated diabetes were similar to those obtained from the model without interactions. Table 5 presents the results of the interaction model in 3 columns. Column A reports the estimated additional costs associated with each combination of complications. (No value is given for the cost of end-stage renal disease in cardiovascular stage 0 because too few subjects occupied this cell to yield a stable estimate. In addition, many other cells had stable but nonsignificant estimates due to small sample size.) Column B displays the costs per cell that the interactive model predicted apart from the contributions of the interaction terms. Finally, column C shows the net effect of each interaction. Although many of the interaction term coefficients were not significantly different from 0, a general pattern emerged: renal disease imposed higher-than-average ad-ditional costs in subjects with postevent (stage 2) cardiovascular disease, and lower-than-average additional costs in the presence of stage 1 and stage 2 cardiovascular disease. Considering only the statistically significant interactions, all but one of the interaction effects were small, less than $1000. The one exception involved subjects in the highest stage of both cardiovascular and renal disease. This combination of complications exhibited substantially higher costs ($3734) than would have been expected without an interaction.
COMMENT
Studies show that, on a population basis, cardiovascular disease is the most costly complication of type 2 diabetes mellitus. 2, 11 Moreover, in an estimated 86% of persons with type 2 diabetes mellitus, cardiovascular disease is the cause of death. 1 Renal disease appears to be the next most costly complication, accounting for at least 10% of the incremental costs of diabetes in popula- tions. 2 Cardiovascular and renal disease are closely related, and there is mounting evidence that they are both strongly associated with insulin resistance. [4] [5] [6] In addition, microalbuminuria strongly predicts the development of cardiovascular disease. 9, 10 Consistent with these reports, 75% of the population we studied were either under treatment for cardiovascular risk factors or had evidence of cardiovascular disease, whereas only 23% had evidence of abnormal renal function, including 11% who had either advanced or end-stage renal disease.
The purpose of the present study was to estimate the additional medical care costs imposed by cardiovas-cular and renal disease in persons with type 2 diabetes mellitus and to understand how these additional costs grow as cardiovascular and renal disease progress. The independent contribution of cardiovascular disease to individual cost ranged from about $1100 for those persons taking cardiovascular drugs and/or with a history of visits to a cardiologist, to about $7400 for persons who had experienced a major cardiovascular, cerebrovascular, or peripheral vascular event. The additional cost of care associated with early signs of renal disease was similar, about $1300. This cost rose to an additional $4000 with the development of advanced renal dysfunction and to $15 700 with the onset of chronic renal failure. When renal failure (or a history of transplantation) occurred in the presence of postevent cardiovascular disease, costs increased an additional $3700 per person-year.
Costs of renal disease were lower than average in subjects with less advanced cardiovascular disease, probably because the primary pharmacologic treatment for microalbuminuria and proteinuria was ACE-inhibitor therapy. In our staging algorithm, ACE-inhibitor use was the single most common reason a subject was included in cardiovascular stage 1. Therefore, treatment of microalbuminuria and proteinuria could have added little to the cost of treating stage 1 cardiovascular disease. Also, by definition, no subject with microalbuminuria or proteinuria in stage 0 cardiovascular disease received an ACE inhibitor.
Later stages of cardiovascular and renal disease were more common in older subjects, but age did not modify the additional cost of treating these complications. Treatment was about as expensive in younger subjects as in older subjects. However, women had substantially higher medical care costs-about $1100 higher-after controlling for age and the presence of complications. The explanation for this sex difference is unclear. Our estimates of the costs of cardiovascular disease are much lower than a recent report of empirical estimates of the costs of cardiovascular disease in diabetes. 7 In their report, Gilmer et al 12 estimated the costs of treating hyperglycemia controlling for the presence of cardiovascular disease (including hypertension), which added an estimated $11 326 in treatment costs per person-year (1995 dollars), assuming a glycosylated hemoglobin value of 8.0%. However, Gilmer et al calculated costs from charges, whereas our estimates are based on actual costs.
Our method (basing estimates on aggregate departmental expenditures) and our results also differ from the approach of O'Brien et al, 13 whose estimates were based on precoded per-event costs derived from sources such as hospital discharge databases, clinical guidelines, government reports, fee schedules, and peer-reviewed literature. Because O'Brien et al could not ascertain unprecoded costs, their estimates of early-stage costs are much lower than ours-less than $100 per year for both microalbuminuria and gross proteinuria. (They did not estimate early cardiovascular disease costs.) For endstage renal disease, however, their annual estimate was dramatically higher, $53 700 compared with our $15 700. The primary reasons for this discrepancy are the use of Medicare payment data by O'Brien et al, rather than actual costs, and their inclusion of all expenditures incurred by Medicare for persons with end-stage renal disease, not just the incremental payments incurred in treating the condition.
Our estimates may also be compared with aggregate estimates of the costs of renal and cardiovascular complications in defined populations. 2 Populationwide costs of treating renal and cardiovascular disease can be calculated from our results by weighting the cumulative costs of each disease stage by the inverse of its prevalence. 2 Previous studies of the aggregate costs of complications in populations with diabetes yielded lower estimates because they attributed costs to complications only when available data explicitly associated an expenditure with a diagnosis. 13 For example, the cost of a hospitalization was attributed to cardiovascular disease if the first listed discharge diagnosis was acute myocardial infarction. However, these studies would have missed, for example, the contribution of cardiovascular disease to the need for podiatric care. Our results strongly suggest that incremental cost estimates based solely on labeled use will dramatically underestimate true incremental cost.
Despite the higher costs of renal disease in affected subjects, our results indicate that substantially more money would be saved on a population basis by preventing the development or progression of cardiovascular disease rather than renal disease. This is because late-stage cardiovascular disease is much more common than latestage renal disease. In addition, our analysis indicates that the aggregate annual cost of preventing cardiovascular events in type 2 diabetes mellitus is, at most, only about one fifth the cost of caring for persons after they have had such events. This supports the view that the prevention of cardiovascular disease is cost-effective in type 2 diabetes mellitus. On the other hand, the aggregate annual cost of treating end-stage renal disease is relatively low, $157 per person-year. Investments in the prevention of end-stage renal disease probably do not contribute greatly to cost savings.
Our analysis has several limitations. First, we have not included complications other than cardiovascular and renal disease. Some bias may have resulted from these omissions. Additional studies with more comprehensive and detailed data are needed to provide estimates of the costs of treating additional complications.
Second, our ability to stage disease was limited by the clinical data available to us electronically. This resulted in a relatively crude staging, and clinical ascertainment undoubtedly lagged behind the physiological appearance of disease in many subjects. Fortunately or unfortunately, however, the costs of treating complications primarily occur after clinical diagnosis, so our cost estimates are probably better than our epidemiological staging. A related limitation was imposed by the necessity of using drug-use data to ascertain cardiovascular 
